Introduction
ithium niobate (LN) is an ideal nonlinear crystalline material for photonic applications because of its broad transmission window as well as large eletrooptic and nonlinear optical coefficients 1 . In many applications, the nonlinear optical conversion efficiency plays a key role, which can reach nearly 100% in some conventional nonlinear wavelength conversion experiments given that a phase matching condition has been fulfilled 2 . The traditional approaches to achieving the phase matched second order nonlinear wavelength conversion in a bulk crystal are based on either a birefringence effect (i.e., the natural phase matching scheme) 3 or periodical poling (i.e., quasi-phase matching scheme) [4] [5] [6] [7] [8] . In particular, the quasi phase matching scheme provides more flexibility in terms of the wavelengths and polarization states for the involved light waves, which can give rise to more efficient nonlinear optical processes 2, [4] [5] [6] [7] [8] . For instance, the largest nonlinear optical coefficient (i.e., d33 = -41.7 pm/V, which is almost one order of magnitude higher than d31 = -L 4.64 pm/V and d22 = 2.46 pm/V) 9 of LN can only be utilized in quasi-phase matched second harmonic generation (SHG).
The advent of lithium niobate on insulator (LNOI) further enables fabrication of a variety of micro-and nano-scale photonic structures with precisely controlled geometrical shapes and low surface roughness 10, 11 . In particular, LN based microdisk or microring opens the possibility to achieve efficient nonlinear wavelength conversion in a compact space, in which the confinement of light by the total internal reflection at the circular boundary of the microresonator leads to a substantial enhancement of light field [12] [13] [14] [15] [16] . Recently, with the development of micro/nano-fabrication techniques, strong nonlinear optical effects including SHG 12, 14, [17] [18] [19] [20] [21] [22] [23] [24] , third harmonic generation (THG) 19, 21 , sum frequency generation (SFG) 18 , spontaneous and stimulated Raman scattering 21, 22 , four-wave mixing (FWM) 24 , spontaneous parametric down conversion (SPDC) 20 , and optical comb generation 25 have all been observed from high-Q LN microresonators on LNOI substrates. Nonlinear parametric processes in the LN microresonators can be realized by utilizing different phase matching conditions 12, 14, [17] [18] [19] [20] [21] [22] [23] , yet a conversion efficiency approaching 100% has not been achieved owing mainly to three difficulties, which are a large spatial overlap between the mode fields, a nearly perfect phase matching condition, and a multiple resonance among the modes participating in the nonlinear processes.
Here, we show that by use of a high quality (Q) factor X-cut LN microresonator, we are able to achieve a normalized conversion efficiency of 3.8% mW -1 for SHG and that of 0.3% mW -2 for THG. The ultimate conversion efficiencies we obtain for these two cases are 3.1% and 0.2% at the pump power of 0.825 mW. This is achieved by taking the advantage of the periodical inversion of the orientation of the light polarization with respect to the direction of the optical axis of LN in an X-cut WGM microresonator. This scheme, which is termed as cyclic-quasiphase matching (CQPM), is conceptually similar to the 4 -quasi-phase-matched SHG in a gallium arsenide WGM microresonator 26, 27 . The CQPM leads to a few unique and significant advantages. First, the CQPM remains effective in a broad spectral bandwidth, thereby allowing for various nonlinear processes to be efficiently excited at once. Second, all of the involved light waves can be transverse-electric (TE) modes with the electric field vectors lying in the plane of the microresonator, enabling to use the largest nonlinear coefficient d33 for the nonlinear wavelength conversions. The advantages are validated by experimentally demonstrating highly efficient SHG as well as THG which results from a SFG process between the pump and its second harmonic waves. The successfully employing d33 in monocrystalline LN WGM microresonator renders the fabrication of periodically polarized lithium niobate (PPLN) microresonators with elaborately designed domain patterns unnecessary, although such demonstration has been reported recently 28, 29 . In addition, both the pump light and the second harmonic wave are resonant with the high Q modes of Q-factors of 9.61×10 6 at 1547.8 nm and 3.68×10 6 at 773.9 nm, which are among the records of the measured Q-factors of on-chip LN microresonators reported so far. The realization of high optical conversion efficiencies obtained in an on-chip device at a low pump laser power is of vital importance for photonic integrated circuit applications.
Results

CQPM SHG in LN microresonator
CQPM SHG has been realized in an X-cut LN microresonator when the fundamental wave and the second harmonic wave are both TE-polarized (i.e., the electric field in the plane of the microdisk resonator). Polarization induced in 3m point-group materials, such as LN, depends on the non-zero susceptibility dij and the polarization of the associated light waves. Typical values 9 of dij are d22= 2.46 pm/V, d31= -4.64 pm/V, and d33= -41.7 pm/V. Note that d33 is almost one order of magnitude higher than the other two susceptibilities. The second-order nonlinear coefficient along the periphery of the LN microdisk can be calculated as below
where θ is the angle between the wave vector k of the TE-polarized wave and the optic axis.
The angle θ is in accordance with the azimuth angle in the microdisk, as indicated in Fig. 1 
(a).
When the light waves propagate along the periphery of the microresonator, they undergo oscillating nonlinear susceptibility deff. Specifically, at the azimuth angle θ = π/2, one can have deff = d33 neglecting the reduction due to the imperfect spatial overlap between the WGMs associated with the nonlinear optical process; whereas at θ = 3π/2, the nonlinear susceptibility changes to deff = -d33. The sign of deff inverts every half cycle in the LN microresonator as illustrated in Fig. 1 (a), which is similar to the traditional quasi-phase matching realized in PPLN crystals. The magnitude of deff changes periodically with respect to θ in X-cut LN microresonators in contrast to PPLN microresonators.
The refractive index of the fundamental wave of a TE mode also oscillates between the maximum refractive index no (i.e., for the ordinary beam linearly polarized along θ = 0) and the minimum refractive index ne (i.e., for the extraordinary beam linearly polarized along θ = π/2) in every half cycle when propagating around the circular microresonator. Likewise, the refractive index of the second harmonic wave experiences a synchronized periodic oscillation in the X-cut LN microresonator every half cycle whereas both the no and ne at the second harmonic wavelength are different from that of the fundamental wave owing to the dispersion.
The dispersion will cause a phase mismatch in the SHG process, which, however, can now be readily compensated thanks to the inversion of the nonlinear susceptibility every half cycle, which is similar to the quasi-phase matching in a PPLN microdisk resonator with the positive direction of the optical axis being inverted every half cycle. Such a PPLN microdisk has a poling period of 2πR, where R is the radius of the PPLN disk, along the circumference.
To verify the effectiveness of the CQPM scheme in nonlinear optics processes, we fabricated a LN microresonator on an X-cut LNOI substrate with a thickness of 600 nm and a diameter (2R) of 29.92 µm as shown by its scanning electron microscope (SEM) image in Fig. 1(b) . The details on the fabrication of LN microresonator can be found in Methods. The side view of the microdisk is presented in Fig. 1(c) , showing a smooth sidewall tilted with an angle of approximately 10° with respect to the vertical direction.
The experimental setup for generating the nonlinear optical processes can be found in Supplementary Information. When the pump laser wavelength was set at 1547.8 nm, efficient SHG was observed at a signal wavelength of 773.9 nm. Figure 2 (a) shows the spectra of both the pump laser and the second harmonic wave. The second harmonic wave was confirmed to have a horizontal polarization (i.e, in TE mode) as well. A typical optical micrograph indicating the SHG process captured by the CCD camera is shown in the inset of Fig. 2(b) , in which the second harmonic beam is clearly visible around the circumference of the microdisk. The conversion efficiency is estimated by the ratio between the power of the second harmonic and that of the pump laser. In our experiment, the power of the pump laser near the coupling region was calculated by subtracting the propagation loss of the fiber taper. The conversion efficiency grows linearly with the increasing pump power, as shown in Fig. 2(b) . This is a typical feature of SHG, indicating a normalized conversion efficiency of 3.8% mW -1 in the LN microdisk.
When the pump laser power was further increased, THG was observed. Figure 2(a) shows the spectrum of the third harmonic signal at the wavelength of 515.9 nm due to the sum-frequency process between the pump and its corresponding harmonic signal. The third harmonic wave was also detected to be of a TE mode with the electric field placed in the equator plane. The THG process was visualized using the CCD camera, as shown in the inset of Fig. 2(c) . In this case, both the second and third harmonic waves were observed, but the second harmonic signal appears brighter. 
Mode Characterization and Simulation Results
To facilitate the analyses of the phase matched SHG and THG processes, the modes in the LN microresonator were characterized by measuring the transmission spectra which were recorded by the fiber taper coupling method 30 . respectively. The simulations of mode structure and electric field profile are carried out using the finite-element method. The details of simulation can be found in Methods. A dense mode structure appears near the second harmonics wavelength. Since a narrowband tunable laser operated around 520 nm wavelength is not available in our lab, the mode of the third harmonic wave cannot be identified experimentally at this moment.
We have calculated the second-order nonlinear susceptibility deff (θ) along the periphery in the SHG process as a function of θ, as shown in Fig. 4(a) , which oscillates between -d33 and d33 when the angle θ varies between 0 and π. The effective refractive indices of fundamental (F) mode, second harmonic mode, and third harmonic mode as a function of the azimuth angle, are shown in Fig. 4(b) . These curves oscillate as well. It is worthy of noting that the relationship between deff and the propagation distance rθ of light along the circumference in an X-cut LN WGM microresonator is significantly different from that in a PPLN waveguide 31 , as the effective refractive index in a PPLN can be described with a step function. Here, r =14.66 µm is the horizontal position of the maximum of fundamental-wave electric field. The Fourier transform spectrum of the deff with respect to rθ has two positive components in reciprocal vector K space as shown by the red lines in Fig. 4(c) . In a quasi-phase matched SHG, the wave vector mismatching ∆k should fulfill the following condition:
where kF and kSHG are the wave vectors of the pump wave and the second harmonic waves, 
where ds = rdθ. In Eq. (4) Likewise, we can realize a similar quasi-phase matched THG in the same LN microresonator.
Details of the calculation can be found in Methods.
Conclusion
Highly efficient SHG and THG processes have been demonstrated in an on-chip X-cut LN microresonator. The successful realization of the broadband phase matching condition uniquely utilizing the largest second-order nonlinear coefficient d33 without the need of domain engineering will make strong impact on the microresonator-based lithium niobate photonic applications.
Methods
Fabrication of X-cut LN microresonator
In our experiment, the microresonator was fabricated on a commercially available X-cut LN thin film with a thicknesses of 600 nm (NANOLN, Jinan Jingzheng Electronics Co., Ltd). The LN thin film is bonded by a silica layer with a thickness of ~2 µm on an LN substrate. Details in the process flow of fabrication of the LN microresonator have been described in Ref. [12, 13] , which can be summarized as the following 3 steps:
(1) The sample was first immersed in water and ablated by a focused femtosecond laser beam to form a cylindrical pad with a height of ~3 µm and a diameter of ~33 µm. Here, high-precision ablation was available by tightly focusing the femtosecond laser beam to a diameter of 1 µm.
The average power of the laser beam was chosen as 0.35 mW when performing ablation in the LN material, and raised to 1 mW for ablation in the silica layer.
(2) Focused ion beam was used to polish the periphery of the cylindrical pad to ensure a smooth sidewall and therefore a high Q factor of the fabricated microresonator. The diameter of the pad was reduced to ~29.92 µm after the process. 
Transmission spectra measurement
The transmission spectrum of 1550 nm range was measured by a tunable laser (TLB-6728, New
Focus Inc.) with a linewidth of 200 kHz. To avoid thermal broadening or thermal compression of modes, the power of tunable laser was set at 0.2 µW，and the scanning speed was 88 nm/s.
For measuring the transmission spectra around the 775 nm wavelength, a tunable laser (TLB-6712, New Focus Inc.) was used as the light source.
Simulations
A finite element method (COMSOL Multiphysics, version 5.0) was used to identify the modes in the microresonator. In a microresonator with the axial symmetry, the eigen-frequencies and field profiles of the modes can be calculated by solving the two-dimensional partial differentialequations 33 . For the TE polarized waves in the principal plane (y-z plane) of LN microresonator, the waves inevitably experience the varying refractive index ( ) along the periphery of the LN microresonator, which oscillates between the effective ordinary value ′ ( ) and extraordinary value ′ ( ) as below,
Therefore, an average refractive index used in the simulation of mode profile, can be obtained by integrating Eq. (5) with respect of the angle θ over 0 to 2π, which is given below:
Here, o ( ) and e ( ) are the ordinary value and extraordinary value of the refractive indices of the bulk LN 34 , respectively. Modes resonant at the frequencies of the waves participating in the nonlinear optical processes can be identified based on the simulation results.
For the TE modes, the effective refractive indices were calculated by Eq. 
